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ABSTRACT 

The type II transmembrane serine protease (TTSP) TMPRSS2 cleaves and activates the influenza virus and coronavirus surface 
proteins. Expression ofTMPRSS2is essential for the spread and pathogenesis of H1N1 influenza viruses in mice. In contrast, 
H3N2 viruses are less dependent on TMPRSS2 for viral amplification, suggesting that these viruses might employ other TTSPs 
for their activation. Here, we analyzed TTSPs, reported to be expressed in the respiratory system, for the ability to activate influ¬ 
enza viruses and coronaviruses. We found that MSPL and, to a lesser degree, DESC1 are expressed in human lung tissue and 
cleave and activate the spike proteins of the Middle East respiratory syndrome and severe acute respiratory syndrome coronavi¬ 
ruses for cell-cell and virus-cell fusion. In addition, we show that these proteases support the spread of all influenza virus sub- 
types previously pandemic in humans. In sum, we identified two host cell proteases that could promote the amplification of in¬ 
fluenza viruses and emerging coronaviruses in humans and might constitute targets for antiviral intervention. 

IMPORTANCE 

Activation of influenza viruses by host cell proteases is essential for viral infectivity and the enzymes responsible are potential 
targets for antiviral intervention. The present study demonstrates that two cellular serine proteases, DESC1 and MSPL, activate 
influenza viruses and emerging coronaviruses in cell culture and, because of their expression in human lung tissue, might pro¬ 
mote viral spread in the infected host. Antiviral strategies aiming to prevent viral activation might thus need to encompass in¬ 
hibitors targeting MSPL and DESC1. 


I nfluenza A viruses (FLUAVs) and the emerging pathogens se¬ 
vere acute respiratory syndrome coronavirus (SARS-CoV) and 
Middle East respiratory syndrome coronavirus (MERS-CoV) are 
respiratory viruses that pose a significant threat to human health. 
Annual influenza epidemics cause 250,000 to 500,000 deaths 
worldwide (1), and intermittent pandemics can have even more 
severe consequences, as exemplified by the devastating Spanish 
influenza of 1918, which is estimated to be responsible for 30 to 50 
million deaths (2). The SARS-CoV emerged in southern China in 
2002, and its subsequent spread, mainly in Asia, was responsible 
for 774 deaths (3). A related virus, the MERS-CoV, emerged in the 
Middle East in 2012 (4), and new cases of MERS-CoV infection 
continue to be reported in July 2014, with the total number of 
cases amounting to 834, of which 288 took a fatal course (5). 
Therefore, the development of novel strategies to combat FLUAV 
and emerging Co Vs is urgently required, and host cell factors es¬ 
sential for viral spread but dispensable for cellular survival are 
attractive targets. 

The viral hemagglutinin (HA) and spike (S) surface proteins 
are responsible for host cell entiy of FLUAV (6) and CoVs (7, 8), 
respectively. Both proteins use their N-terminal surface units, 
termed HA1 (FLUAV) and SI (CoVs), to engage cellular recep¬ 
tors, while the C-terminal transmembrane units, termed HA2 
(FLUAV) and S2 (CoVs), facilitate fusion of the viral membrane 
with a host cell membrane—processes that are essential for infec¬ 
tious entry (6-8). Notably, the HA and S proteins are synthesized 
as inactive precursors in infected cells and acquire the ability to 
drive membrane fusion only upon activation by host cell proteases 
(9, 10). Activation refers to proteolytic separation of the surface 
and transmembrane units, which is essential for viral infectivity. 


Consequently, the proteases responsible for HA and S protein 
activation are potential therapeutic targets. 

It has been suggested that several proteases secreted in the lung 
lumen can activate FLUAV (11-13). However, examination of 
cultured human respiratory epithelium revealed a key role for 
membrane-associated proteases (14), and work by Bottcher 
and colleagues identified the transmembrane serine proteases 
TMPRSS2 and HAT as potent activators of FLUAV (15), at least 
upon engineered expression in cell lines. Subsequent studies 
showed that endogenous expression of TMPRSS2 in cell lines can 
support trypsin-independent FLUAV spread (16, 17), and coex¬ 
pression of TMPRSS2 and 2,6-linked sialic acid has been demon¬ 
strated in most parts of the human airways (18), suggesting that 
TMPRSS2 might support FLUAV spread in the infected host. In¬ 
deed, work by Hatesuer and colleagues demonstrated that knock¬ 
out of Tmprss2 in mice largely abrogates the spread of FLUAV and 
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prevents viral pathogenesis (19) and similar findings were subse¬ 
quently reported by other groups (20, 21). Moreover, TMPRSS2 
was shown to activate the SARS- (22-24) and MERS- (25, 26) 
CoVs for entry into target cells in which the activity of cathepsin L, 
another protease able to activate SARS-CoV S (27) and MERS- 
CoV S (25, 26), was blocked by inhibitors. Thus, FLUAV, highly 
pathogenic CoVs, and several other respiratory viruses (28-30) 
can be activated by TMPRSS2. 

An essential role for TMPRSS2 in FLUAV spread and patho¬ 
genesis in mice has been demonstrated with viruses of the H1N1 
and EI7N9 subtypes (19-21). Dependence on TMPRSS2 was also 
reported for a virus of the EI3N2 subtype (20). In contrast, a dif¬ 
ferent H3N2 virus tested in a separate study was much less depen¬ 
dent on TMPRSS2 expression (19), suggesting that certain H3N2 
viruses might be able to usurp another protease to ensure their 
activation, and members of the type II transmembrane serine pro¬ 
tease (TTSP) family, which comprises more than 20 proteins (31), 
are interesting candidates. Flere, we assessed seven TTSPs previ¬ 
ously reported to be expressed in the lung for the ability to activate 
the surface proteins of FLUAV, MERS-CoV, and SARS-CoV. We 
show that MSPL and, to a lesser degree, DESC1 are expressed in 
the human lung and activate FLUAV and CoV surface glycopro¬ 
teins, suggesting that these proteases could contribute to viral 
spread in the host. 

MATERIALS AND METHODS 

Plasmid construction. Expression plasmids for SARS-CoV S (32), 
MERS-CoV S (25), FLUAV HI HA (15, 33), ACE2 (34), and CD26 
(DPP4) (25) have been described previously. Plasmids for H2 andH3 (15) 
HA of FLUAV were kindly provided by Mikhail Matrosovich, Institute of 
Virology, Marburg, Germany. Plasmids encoding the human transmem¬ 
brane proteases TMPRSS2, HAT, TMPRSS3, TMPRSS9, and TMPRSS10 
were also published earlier (16, 18, 35-37). The sequences encoding hu¬ 
man DESC1, MSPL, TMPRSS11F, prostasin, and TMPRSS11B were am¬ 
plified by reverse transcription (RT)-PCR with mRNA prepared from 
Caco2 (DESC1, MSPL), H1299 (TMPRSS11F), or LNCaP (prostasin, 
TMPRSS1 IB) cells as the template. The protease sequences were inserted 
into plasmid pCAGGS by using the appropriate restriction sites. The re¬ 
sulting plasmids encode human TTSPs with amino acid sequences iden¬ 
tical to those deposited in the GenBank database, i.e., DESC1 
(AF064819.1), MSPL (NM_001077263.2), TMPRSS11F (NM_207407.2), 
prostasin (NM_002773.3),andTMPRSSllB (NM_182502.3). Expression 
plasmids for TTSPs with an N-terminal myc tag were generated by PCR by 
using the above-described plasmids as templates as reported previously 
(38). The integrity of all PCR-amplified sequences was verified by auto¬ 
mated sequence analysis. 

Cell culture. Human embryonal kidney 293T cells were propagated in 
Dulbecco’s modified Eagle’s medium (DMEM), and MDCK cells were 
grown in minimum essential medium. All media were supplemented with 
10% fetal bovine serum, penicillin, and streptomycin. The cells were 
maintained in a humidified atmosphere containing 5% C0 2 . 

Analysis of TTSP expression. For analysis of TTSP expression by 
Western blotting, 293T cells were seeded into six-well plates at a density of 
2.2 X 10 5 /well, cultivated for 24 h, and then transfected with plasmids 
encoding proteases equipped with an N-terminal myc tag or transfected 
with an empty plasmid as a control. At 16 h posttransfection, the medium 
was replaced with fresh DMEM, and at 48 h posttransfection, the cells 
were washed with phosphate-buffered saline (PBS) and detached with 100 
pi of 2 X sodium dodecyl sulfate (SDS) loading buffer per well. All samples 
were denatured for 30 min at 95°C, separated by SDS-PAGE, and blotted 
onto a nitrocellulose membrane (Hartenstein). The proteins were de¬ 
tected by using a mouse anti-myc antibody (Biomol) as the primary 
antibody and a horseradish peroxidase (HRP)-coupled anti-mouse anti¬ 


body (Dianova) as the secondary antibody. For analysis of TTSP expres¬ 
sion by flow cytometry, 293T cells transfected with TTSP-encoding plas¬ 
mids were detached, washed with PBS, incubated with ice-cold ethanol for 
10 min, and then stained with a mouse anti-myc antibody (Biomol) di¬ 
luted in 0.1% saponin. Mouse IgGl (R&D Systems) was used as an iso¬ 
type-matched control. After 30 min of incubation with primary antibod¬ 
ies at 4°C, cells were washed twice with PBS and incubated for 30 min at 
4°C with DyLight 647-coupled anti-mouse secondary antibodies (Di¬ 
anova) diluted in 0.1% saponin. After two final washing steps, cells were 
fixed with 2% paraformaldehyde and staining was analyzed with an LSRII 
flow cytometer (BD Biosciences). 

TaqMan-based quantitative RT-PCR analysis of protease expres¬ 
sion in the lung. Two pools of commercially available RNA (Agilent 
Technologies), each prepared from normal human lung tissue obtained 
from four male donors, were used to quantify protease transcripts. Total 
RNA (1 pg) was reverse transcribed with 50 U of BioScript RNase H Low 
reverse transcriptase (BIO-27036; Bioline) in 20-pi reaction mixtures. 
The enzyme was finally inactivated for 10 min at 70°C. cDNA aliquots (1 
pi) corresponding to 50 ng total RNA equivalents were used for real-time 
PCR in triplicate 10- pi reaction mixtures with the ABI7500 Fast real-time 
PCR system (Applied Biosystems). Specific amplification was ensured by 
using TaqMan gene expression assays according to the manufacturer’s 
recommendations. The specific assays used were Hs00237175_ml 
(TMPRSS2), Hs01070171_ml (DESC1 = TMPRSS11E), Hs00361060_ml 
(MSPL = TMPRSS13), and Hs99999908_ml (GUSB). The average cycle 
threshold ( C T ) for each individual assay was calculated from triplicate 
measurements by means of the instrument’s software in “auto C T ” mode 
(ABI 7500 Fast system software, version 1.3.0). Average C T values calcu¬ 
lated for TMPRSS2, DESC1, and MSPL were normalized by subtraction 
from the C T values obtained for GUSB (housekeeping reference). Tem¬ 
plate-free cDNA reaction mixtures prepared in triplicate were analyzed in 
parallel with all of the TaqMan assays, and no specific signal was detected 
in any of these negative controls. 

Cleavage of SARS-CoV S, MERS-CoV S, and influenza virus HA by 
TTSPs. For the detection of SARS-CoV S, MERS-CoV S, and FLUAV HA 
cleavage by TTSPs, 293T cells were seeded into six-well plates at a density 
of 2.2 X 10 5 /well and cotransfected with an expression plasmid for SARS- 
CoV S with a C-terminal V5 tag, MERS-CoV S with a C-terminal V5 tag, 
or FLUAV HA of the Hl,H2,orH3 subtype and either plasmids encoding 
the specified proteases or an empty plasmid. The medium was replaced 
with fresh DMEM at 8 to 16 h posttransfection. At 48 h posttransfection, 
the cells were harvested in 1 ml of PBS, treated with PBS or tosylsulfonyl 
phenylalanyl chloromethyl ketone (TPCK)-trypsin (Sigma) (SARS-CoV 
S-positive cells were treated with 100 p-g/ml TPCK-trypsin, while MERS- 
CoV S- and HA-expressing cells were treated with 250 p-g/ml TPCK- 
trypsin) for 10 min at room temperature and lysed in SDS loading buffer. 
The lysates were separated by SDS-PAGE and blotted onto nitrocellulose 
membranes. The SARS- and MERS-CoV S proteins with a C-terminal V5 
antigenic tag (25, 32) were detected by staining with mouse monoclonal 
antibody specific for the V5 tag (Invitrogen), followed by incubation with 
an HRP-coupled anti-mouse secondary antibody (Dianova), respectively. 
The expression of FLUAV HA of the HI subtype was detected by staining 
with a mouse monoclonal antibody reactive against the HA of the 1918 
H1N1 FLUAV (39), followed by incubation with an HRP-coupled anti¬ 
mouse secondary antibody (Dianova). The expression of FLUAV HA of 
the H2 subtype was detected with a goat anti-FLUAV polyclonal antibody 
(Millipore) and an HRP-coupled anti-goat antibody (Dianova). For de¬ 
tection of expression of FLUAV HA of the H3 subtype, a rabbit anti-H3 
HA serum (Immune Technology) and an HRP-coupled anti-rabbit anti¬ 
body were used. As a loading control, expression of (3-actin was detected 
with an anti-(3-actin antibody (Sigma). Staining was detected with the 
ECL Prime Western blotting detection reagent (Amersham) as specified 
by the manufacturer and with a ChemoCam Imager (Intas). 
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Analysis of proteolytic activation of the SARS- and MERS-CoV S 
proteins for cell-cell fusion. For analysis of SARS- and MERS-CoV S 
activation for cell-cell fusion, a previously described cell-cell fusion assay 
was used (40). In brief, 293T effector cells, seeded into six-well plates at 1.3 
X 10 5 /well, were calcium phosphate transfected with either the empty 
pCAGGS plasmid or pCAGGS encoding SARS- or MERS-CoV S in com¬ 
bination with plasmid pGAL4-VP16, which encodes the herpes simplex 
virus VP 16 transactivator fused to the DNA binding domain of the yeast 
transcription factor GAL4. In parallel, 293T target cells were seeded into 
48-well plates at 0.8 X 10 5 /well and transfected with the empty pcDNA3 
plasmid or the expression plasmids for ACE2 or CD26 jointly with pro¬ 
tease expression plasmids and plasmid pGal5-luc, which carries the firefly 
luciferase reporter gene under the control of a promoter containing five 
GAL4 binding sites. The day after transfection, effector cells were de¬ 
tached, diluted in fresh medium, and added to the target cells. For trypsin 
treatment, medium from target cells was completely removed and effector 
cells in medium supplemented with 100 ng/ml TPCK-treated trypsin 
(Sigma) or PBS were added. After 6 h of incubation time, the culture 
media were replaced with fresh medium without trypsin. Cell-cell fusion 
was quantified by determination of luciferase activities in cell lysates at 48 
h after cocultivation with a commercially available kit (Promega). 

Production of lentiviral pseudotypes and transduction experi¬ 
ments. The generation of lentiviral vectors was carried out as described 
previously (16, 25, 41). In brief, 293T cells were transiently cotransfected 
with pNL4-3-LucR~E~ (42) and expression plasmids for SARS-CoV S, 
MERS-CoV S, HA and neuraminidase (NA) of the 1918 H1N1 FLUAV, or 
vesicular stomatitis virus glycoprotein (VSV-G) or the empty plasmid 
pCAGGS. For analysis of HA activation by TTSPs, the proteases analyzed 
were coexpressed with the viral components specified above during the 
generation of lentiviral pseudotypes. The culture medium was replaced at 
16 h posttransfection, and supernatants were harvested at 48 h posttrans¬ 
fection. The supernatants were passed through 0.45-p.m filters, aliquoted, 
and stored at — 80°C. For analysis of MERS- and SARS-CoV S-mediated 
transduction, 293T cells were cotransfected with expression plasmids for 
ACE2 or CD26 and the TTSPs indicated or an empty plasmid. The culture 
medium was replaced with fresh medium at 8 h posttransfection, and the 
cells were seeded into 96-well plates at 24 h posttransfection. At 48 h 
posttransfection, cells were preincubated with dimethyl sulfoxide 
(DMSO) or 10 p,M cathepsin inhibitor MDL 28170 (Calbiochem) for 1 h 
and then incubated with equal volumes of infectivity-normalized pseu¬ 
dotypes for 8 h. Thereafter, the medium was changed and the luciferase 
activities in cell lysates were determined with a commercially available kit 
(Promega, Madison, WI) at 72 h postinfection. For the analysis of HA- 
mediated transduction, 293T cells were either directly seeded into 96-well 
plates at a density of 0.8 X 10 4 /well or first transfected with protease¬ 
encoding plasmids and then seeded into 96-well plates. Subsequently, the 
cells were incubated with equal volumes of infectivity-normalized vector 
preparations pretreated with PBS or TPCK-trypsin. At 12 h posttransduc¬ 
tion, fresh medium was added, and at 72 h posttransduction, the cells were 
lysed and the luciferase activities in cell lysates were determined. 

Production of influenza viruses and infection experiments. A/PR/ 
8/34 (H1N1) (19) and A/Panama/2007/99 (H3N2) (43) were propagated 
in the chorioallantoic cavities of 10-day-old embryonated hen eggs (Har¬ 
lan Winkelman, Germany) for 48 h at 37°C. A/Panama/2007/99 (H3N2) 
was reconstituted from an eight-plasmid system (43) before amplification 
in eggs. For infection experiments, 293T cells were seeded into six-well 
plates at a density of 2.8 X 10 5 /well. After 24 h, the cells were transfected 
with 6 |xg of expression plasmids encoding the indicated TTSPs or an 
empty plasmid by the calcium phosphate transfection method. The trans¬ 
fection medium was replaced with fresh medium after overnight incuba¬ 
tion. At 24 h posttransfection, the culture medium was removed and the 
cells were incubated with infection medium (DMEM supplemented with 
0.2% bovine serum albumin [BSA]) containing A/PR/8/34 (HINI) at a 
multiplicity of infection (MOI) of 0.01 or A/Panama/2007/99 (H3N2) at 
an MOI of 0.1. After 1 h of incubation at 37°C, the infection medium was 


removed, the cells were gently washed with PBS, and fresh infection me¬ 
dium (again without trypsin) was added. Culture supernatants were col¬ 
lected at 48 h postinfection. The amount of infectious units within the 
culture supernatants was determined by focus formation assay as de¬ 
scribed previously by us (44). In brief, serial 10-fold dilutions of samples 
were prepared in infection medium (DMEM with 1% penicillin-strepto¬ 
mycin and 0.1% BSA) and added to MDCK cells. After 1 h of incubation, 
the medium was replaced with infection medium containing an Avicel 
overlay and 2.5 p,g/ml N-acetylated trypsin (Sigma), and the cells were 
incubated for 24 h. Subsequently, the cells were fixed with 4% formalin in 
PBS and incubated for 1 h with a goat anti-influenza virus nucleocapsid 
NP polyclonal antibody (Virostat), followed by 1 h of incubation with 
HRP-conjugated anti-goat antibodies (Dianova) and 10 min incubation 
with True Blue substrate (KPL). Foci were counted, and viral titers were 
calculated as numbers of focus-forming units per milliliter of culture su¬ 
pernatant. 

Analysis of HA and TTSP colocalization. To determine the cellular 
localization of FLUAV HA and TTSPs, we seeded COS-7 cells onto cov- 
erslips in six-well plates at a density of 0.6 X 10 5 /well. The cells were 
calcium phosphate transfected with plasmids encoding TMPRSS2, 
TMPRSS3, DESC1, and MSPL, all containing an N-terminal myc anti¬ 
genic tag. Cells transfected with an empty plasmid served as a negative 
control. At 16 h posttransfection, the medium was replaced with fresh 
DMEM, and at 24 h posttransfection, the cells were washed with PBS and 
infected with FLUAV A/PR/8/34 at an MOI of 1. At 1 h postinfection, the 
medium was replaced with DMEM supplemented with 1 p-g/ml TPCK- 
trypsin. At 24 h postinfection, the cells were treated with ice-cold metha¬ 
nol (7.5 min at 4°C), blocked with 3% BSA for 1 h, and then incubated 
with mouse anti-myc and rabbit anti-PR8 HA antibodies (Biomol and 
Sino Biological Inc., respectively). After 1 h of incubation with primary 
antibodies at room temperature, cells were washed three times with PBS 
and incubated for 1 h at room temperature with Rhodamine Red-X-cou- 
pled anti-mouse and fluorescein isothiocyanate (FITC)-coupled anti-rab¬ 
bit secondary antibodies (Dianova). After three final washing steps, cells 
were treated with Vectashield 4',6-diamidino-2-phenylindole mounting 
medium (Vector Laboratories) and analyzed with a Zeiss LSM 5 laser 
scanning microscope. Image capture was performed with Pascal Software 
(Zeiss), and further image analysis, including calculation of the Pearson 
correlation coefficient (PCC), was done with ImageJ with Just Another 
Colocalization Plugin (45). 

RESULTS 

TTSPs are expressed in transfected 293T cells. For all known 
human TTSPs, expression in the lung has been reported but ex¬ 
pression levels differ profoundly (31) and for many of these en¬ 
zymes it is unknown if they can cleave and activate viral glycopro¬ 
teins. In order to address this question, we first amplified the 
sequences of seven TTSPs not previously characterized in the con¬ 
text of virus infection and then examined the expression of the 
cloned protease sequences in transiently transfected 293T cells. 
For this, the protease sequences were fused to an N-terminal myc 
tag and protease expression was detected by Western blotting (Fig. 
1 A). The expression of most proteases was readily detectable, with 
the expression of TMPRSS2 and MSPL being particularly promi¬ 
nent and the expression of HAT and TMPRSS1 IF being relatively 
weak. In contrast, signals obtained for prostasin-expressing cells 
were close to (data not shown) or within the background range. 
The molecular weights of the proteases studied roughly matched 
the predicted ones, and bands expected upon autocatalytic activa¬ 
tion were seen for all of the proteases except TMPRSS9 (a faint 
signal was consistently observed for TMPRSS1 IB). 

In order to obtain further information on TTSP expression, we 
also analyzed TTSP levels by fluorescence-activated cell sorting 
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FIG 1 Expression of TTSPs in 293T cells. (A) Plasmids encoding the indicated 
proteases equipped with an N-terminal myc tag were transiently transfected 
into 293T cells. Transfection of an empty plasmid (pCAGGS) served as a neg¬ 
ative control. Protease expression in cell lysates was detected by Western blot¬ 
ting with an anti-myc antibody. Detection of [3-actin served as a loading con¬ 
trol. Similar results were obtained in three separate experiments. (B) The 
experiment was conducted as described for panel A, but TTSP expression was 
detected by FACS. The geometric mean channel fluorescence (GMCF) mea¬ 
sured in a representative experiment performed with triplicate samples is 
shown. Error bars indicate standard deviations. Similar results were obtained 
in three independent experiments. 


(FACS) of stained permeabilized cells, which allows the detection 
of intracellular and surface-expressed TTSPs. Again, prominent 
signals were measured in TMPRSS2- and MSPL-expressing cells 
(Fig. IB) and similar expression of DESC1 was noted. Specific and 
roughly comparable signals were measured in the cells expressing 
the remaining proteases, indicating that all of the proteases exam¬ 
ined were produced in transiently transfected cells, although at 
different levels. 

The TTSPs DESC1 and MSPL cleave the S proteins of the 
SARS- and MERS-CoVs. We first assessed if the TTSPs studied 
were able to cleave the S proteins of the emerging SARS- and 
MERS-CoVs. Cleavage of MERS-CoV S was readily detected upon 
the coexpression of TMPRSS2 and HAT or upon the treatment of 
S-protein-expressing cells with trypsin (Fig. 2A), as expected (22— 
25, 35). Proteolysis of MERS-CoV S was also observed upon the 




SARS-S 




FIG 2 DESC1 and MSPL cleave the MERS- and SARS-CoV S proteins. 293T 
cells were cotransfected with plasmids encoding MERS- (A) or SARS- (B) CoV 
S with a C-terminal V5 tag and plasmids encoding the proteases indicated. 
Transfection of empty plasmid pCAGGS served as a negative control. At 48 h 
posttransfection, cells were either left untreated or treated with trypsin and 
lysates were analyzed by Western blotting with a V5-specific antibody. Expres¬ 
sion of (i-actin in cell lysates was determined as a loading control. The results 
are representative of three independent experiments with different plasmid 
preparations. Black-filled arrowheads, uncleaved S protein; gray-filled arrow¬ 
heads, S2 subunit; white-filled arrowheads, C-terminal cleavage fragments. 


coexpression of DESC1, MSPL, and TMPRSS10 (Fig. 2A), al¬ 
though differences in the size and number of cleavage fragments 
were observed. Similarly, cleavage of SARS-CoV S was observed 
in cells coexpressing DESC1 and MSPL (Fig. 2B). In contrast, 
TMPRSS10 did not facilitate the cleavage of SARS-CoV S. Thus, 
DESC1 and MSPL can process the MERS- and SARS-CoV S pro¬ 
teins while TMPRSS10 processes exclusively MERS-CoV S. 

DESC1 and MSPL activate the S proteins of the SARS- and 
MERS-CoVs. In order to examine whether S-protein cleavage re¬ 
sults in activation, we assessed the impact of protease expression 
on S-protein-driven cell-cell fusion by using a previously reported 
cell-cell fusion assay (40). Expression of MERS-CoV S in effector 
cells allowed fusion with target cells transfected with a CD26- 
encoding plasmid but not a control plasmid (Fig. 3A), as expected. 
Notably, the directed expression of CD26 on target cells was not 
required for robust MERS-CoV S-driven cell-cell fusion when the 
effector and target cell mixture was treated with trypsin (Fig. 3A), 


12090 jvi.asm.org 


Journal of Virology 


Downloaded from http://jvi.asm.org/ on September 26, 2014 by COLUMBIA UNIVERSITY 








































DESC1 and MSPL Activate Respiratory Viruses 



□ pCAGGS P MERS-S, PBS ■ MERS-S, Trypsin 



□ pCAGGS P SARS-S, PBS ■ SARS-S, Trypsin 

FIG 3 DESC1 and MSPL activate the MERS- and SARS-CoV S proteins for 
cell-cell fusion. For the analysis of S protein-driven cell-cell fusion, effector 
293T cells were cotransfected with the pGAL4-VP16 expression plasmid and 
either the empty plasmid or a MERS- (A) or SARS- (B) CoV S expression 
plasmid. Subsequently, the effector cells were mixed with 293T target cells 
transfected with plasmids encoding the indicated receptors and proteases and 
a plasmid encoding luciferase under the control of a promoter with multiple 
GAL4 binding sites. The cell mixtures were then treated with either PBS or 
trypsin, and the luciferase activities in cell lysates were quantified at 48 h after 
cell mixing. The results of a representative experiment performed with tripli¬ 
cate samples are shown. Error bars indicate standard deviations. Similar results 
were observed in two independent experiments, c.p.s., counts per second. 


in keeping with the finding that 293T cells express small amounts 
of endogenous CD26 (46). These observations indicate that both 
receptor and protease expression levels limit MERS-CoV S-driven 
cell-cell fusion, a scenario similar to that previously reported for 
SARS-CoV S-mediated cell-cell fusion (47). Importantly, expres¬ 
sion of TMPRSS2, HAT, DESC1, and MSPL activated MERS-CoV 
S with the same efficiency as trypsin (Fig. 3A), indicating that 
cleavage of MERS-CoV S by these proteases results in S protein 
activation. In contrast, TMPRSS10 expression failed to activate 
MERS-CoV S (Fig. 3A). Similar results were obtained upon the 
analysis of SARS-CoV S-driven cell-cell fusion, which was pro¬ 
moted by the expression of TMPRSS2, HAT, DESC1, and MSPL 


but not TMPRSS10 (Fig. 3B). Thus, DESC1 and MSPL can acti¬ 
vate the MERS- and SARS-CoV S proteins and could contribute to 
syncytium formation in infected patients. 

The cell-cell fusion assay allows the interaction of large cell 
surfaces on which large amounts of receptor and protease are ex¬ 
pressed. Therefore, the assay is highly sensitive but might not fully 
mirror S-protein-driven virus-cell fusion. To assess whether the 
TTSPs studied can activate virion-associated S proteins, we ana¬ 
lyzed whether TTSP expression rescues S-protein-driven virus¬ 
cell fusion from blockade by an inhibitor of cathepsin B/L, pro¬ 
teases known to activate the MERS- and SARS-CoV S proteins for 
host cell entry (25-27). For this, we used lentiviral vectors pseu- 
dotyped with the SARS- and MERS-CoV S proteins, as previously 
described (22, 25). We found that incubation of 293T target cells 
with the cathepsin B/L inhibitor MDL 28170 reduced both MERS- 
CoV S- (Fig. 4A) and SARS-CoV S-driven virus-cell fusion 
(Fig. 4B), as expected (25, 27). Expression of TMPRSS2 fully res¬ 
cued MERS-CoV S- and SARS-CoV S-dependent virus-cell fusion 
from inhibition by MDL 28170, again in keeping with previously 
published results (22-25). In addition, MERS-CoV S-driven 
transduction was rescued by the expression of HAT, DESC1, and 
MSPL while similar effects were not measured for SARS-CoV S- 
driven transduction. Collectively, these results indicate that 
DESC1 and MSPL can activate the MERS- and SARS-CoV S pro¬ 
teins for cell-cell fusion and could thus contribute to syncytium 
formation in patients. In addition, DESC1 and MSPL can activate 
MERS-CoV S for virus-cell fusion and may facilitate viral spread¬ 
ing in infected tissues. Why these proteases fail to activate SARS- 
CoV S for virus-cell fusion, at least in the system tested here, is 
unclear but most likely reflects a need for higher protease expres¬ 
sion levels for SARS-CoV S activation than for MERS-CoV S ac¬ 
tivation. 

DESC1 and MSPL cleave influenza virus HA of the HI, H2, 
and H3 subtypes and colocalize with HA in infected cells. In 

order to determine whether DESC1 and MSPL can activate 
FLUAV, we assessed their ability to cleave the HA proteins of 
viruses previously pandemic in humans. For this, the proteases 
were coexpressed with the HA proteins of A/South Carolina/1/ 
1918 (H1N1), A/Singapore/1/57 (H2N2), and A/Hong Kong/1/ 
1968 (H3N2) in transfected 293T cells. Cleavage of the HA pre¬ 
cursor protein HAO (as indicated by production of the N-terminal 
cleavage product HA1) was observed upon the coexpression of 
TMPRSS2 and HAT (Fig. 5) , in keeping with previously published 
data (15). In addition, the HA1 processing product was observed 
upon the coexpression of DESC1 and MSPL (Fig. 5). In contrast, 
none of the other proteases tested facilitated HA cleavage. 

In order to further determine whether DESC1 and MSPL can 
activate FLUAV, we next investigated whether these proteases co¬ 
localize with HA in infected cells. Immunofluorescence staining 
and visual inspection of COS-7 cells transfected to express TTSPs 
and infected with FLUAV revealed extensive colocalization 
of HA with TMPRSS2, DESC1, or MSPL (Fig. 6A). In contrast, 
TMPRSS3 and HA barely colocalized, although the signals were 
close. This assessment was confirmed upon determination of the 
PCC for the HA and protease signals (PCC of 1, perfect positive 
correlation; PCC of —1, perfect negative correlation). The HA 
signals correlated well with those of TMPRSS2, DESC1, and 
MSPL, indicating extensive colocalization, while little correlation 
was measured for the HA and TMPRSS3 signals (Fig. 6B). Thus, 
the cellular localizations of HA and DESC1 or MSPL overlap ex- 


October 2014 Volume 88 Number 20 


jvi.asm.org 12091 


Downloaded from http://jvi.asm.org/ on September 26, 2014 by COLUMBIA UNIVERSITY 

































































Zmora et al. 


A) 

10 7 

4 

u 

10 6 

1 

> 

10 5 

u 

< 

10 4 

<*) 

& 

10 3 

*3 

3 

10 2 


mm 


& r&JP* 4 <& ^ c# 


/44 v" 


<v 


fT<r 


□ PBS 


+ MERS-S 


MDL 28170 



Cv 5 ^5- A-? 1 ,c> ,.« v a>- ,-r 

44 / ^ ^ 


A* c/ 




<v 


4 4 


+ SARS-S 


□ PBS ■ MDL 28170 

FIG 4 DESC1 and MSPL activate MERS-CoV S for virus-cell fusion. For 
analysis of S protein-driven virus-cell fusion, the proteases indicated were 
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iment performed with triplicate samples are shown; error bars indicate stan¬ 
dard deviations. Similar results were obtained in two to three independent 
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detected by Western blotting of cell lysates. Similar results were obtained in 
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tensively, suggesting that these proteases could cleave HA in in¬ 
fected cells. 

DESC1 and MSPL activate the HA proteins of influenza vi¬ 
ruses. Cleavage of a viral glycoprotein must not necessarily result 
in activation, as observed for MERS-CoV S cleavage by TM- 
PRSS10 (Fig. 2 to 4). We therefore determined whether DESC1 
and MSPL expression facilitates HA activation. First, we assessed if 
these proteases activate HA in the context of a lentiviral vector 
system. For this, a plasmid encoding the env-deficient lentiviral 
vector, FLUAV HA and NA, or the indicated proteases or an 
empty plasmid was transfected into 293T cells and the superna¬ 
tants were analyzed for the transduction of target cells. All HA- 


bearing vectors were able to efficiently and comparably transduce 
target cells upon treatment with trypsin, while trypsin treatment 
did not affect transduction mediated by VSV-G, as expected (33). 
Similarly, expression of TMPRSS2 and HAT rendered pseu¬ 
dotypes infectious, again in keeping with previously published 
data ( 16, 33), and the same effects were observed upon the expres¬ 
sion of DESC1 and MSPL (Fig. 7 A), indicating that these proteases 
can activate HA when expressed in virus-producing cells. In con¬ 
trast, no activation of HA was observed when the proteases stud¬ 
ied were expressed in viral target cells (data not shown), suggest¬ 
ing that DESC1 and MSPL fail to activate HA during viral entry. 
To address the activation of authentic FLUAV, we next examined 
the spreading of A/PR/8/34 and A/Panama/2007/99 in 293T cells 
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FIG 6 Analysis of protease and HA colocalization. (A) COS7 cells were trans¬ 
fected with plasmids encoding the indicated TTSPs or transfected with an 
empty plasmid (control). Subsequently, the cells were infected with FLUAV 
A/PR/8/34 (H1N1) at an MOI of 1. At 24 h postinfection, the cells were fixed 
with ice-cold methanol and influenza virus HA was detected by immunostain- 
ing with rabbit-anti-HA and FITC-conjugated anti-rabbit antibodies (green). 
In parallel, proteases were detected with mouse anti-myc and Rhodamine 
Red-X-conjugated anti-mouse antibodies (red signal). White squares indicate 
examples of colocalization of HA and TTSPs (yellow signal) that were magni¬ 
fied X4. Similar results were obtained in three separate experiments. (B) The 
experiment was conducted as described for panel A, and colocalization of 
TTSPs and HA was determined by analyzing images with ImageJ software in 
combination with Just Another Colocalization Plugin, which allows calcula¬ 
tion of the PCC, a measure of colocalization. The average PCC measured for 
three to five cells from separate experiments is shown, error bars indicate the 
standard errors of the means. 


transfected to express the proteases under study. In the absence of 
protease expression, viral spread was dependent on the presence 
of trypsin in the culture medium (Fig. 7B). If TMPRSS2, HAT, 
DESC1, and MSPL were produced in the target cells, efficient viral 
spread was measured (Fig. 7B), indicating that these proteases can 
activate HA in the context of infection with authentic FLUAV. 

DESC1 and MSPL are expressed in the human lung. Activa¬ 
tion of FLUAV, SARS-CoV, and MERS-CoV by DESC1 and 
MSPL in infected patients requires these proteases to be expressed 
in the human lung, the major viral target organ. In order to deter¬ 
mine the expression of these proteases, we performed a quantita¬ 
tive RT-PCR analysis of two pools of RNA, each generated from 
normal lung tissue of four human male donors. TMPRSS2, MSPL, 
and DESC1 transcripts were detected in both pools although in 
different amounts. The expression of TMPRSS2 transcripts was 
most robust, but MSPL transcripts were also readily detectable. In 
contrast, expression of DESC1 mRNA was very low and thus 
might be confined to a limited subset of lung cells (Fig. 8). These 
results suggest that TMPRSS2, MSPL, and, to a lower degree, 
DESC1 are expressed in the lung and could thus facilitate the 
pulmonary spread of FLUAV and CoVs in human patients. 

DISCUSSION 

FLUAVs and emerging CoVs pose a significant threat to public 
health, and novel strategies for antiviral intervention are called 
for. TMPRSS2, a TTSP, is a potential target, since this enzyme 
activates FLUAV (15, 33) and CoVs (22-24, 26, 28, 29) in cell 
culture and was recently shown to be essential for FLUAV (H IN 1, 
H7N9) spread and pathogenesis in mice (19-21). In contrast, the 
absence of TMPRSS2 had a much less profound effect in the con¬ 
text of infection with an H3N2 virus (19), suggesting that certain 
FLUAVs might employ TTSPs other than TMPRSS2 to ensure 
their activation in the host. Here, we show that DESC1 and MSPL 
are potential candidates, since these proteases are expressed in the 
human lung and activate the HA proteins of all of the FLUAV 
subtypes previously pandemic in humans. In addition, we dem¬ 
onstrate that DESC1 and MSPL activate the emerging MERS-CoV 
and might thus also be exploited by this highly pathogenic agent 
for spread in the infected host. 

It was observed in the early 1970s that the FLUAV HA is 
cleaved by host cell proteases and that cleavage is essential for viral 
infectivity (48-50). Subsequently, a variety of secreted proteases 
that cleave and activate HA in cell culture was identified (12, 13, 
51, 52). These findings suggested that FLUAV might exploit mul¬ 
tiple proteolytic systems present in the lung lumen to ensure its 
activation in the host. In contrast, recent studies indicate that 
FLUAV activation is cell associated (14) and mediated by TTSPs 
(15), with a single enzyme, TMPRSS2, being essential for the 
spread of the H1N1 and H7N9 FLUAV subtypes (19-21), while 
certain H3N2 viruses show little TMPRSS2 dependence. In fact, a 
recent study reported that an HA of the H3 subtype derived from 
avian FLUAV was fully resistant to cleavage by TMPRSS2 and 
HAT (53). The subtype or strain specificity of TMPRSS2 depen¬ 
dence is perhaps not unexpected, given the known differences in 
sequence and spatial presentation of the respective cleavage sites 
(54), and suggests that some viruses might use TTSPs other than 
TMPRSS2 to ensure their activation. In order to identify such 
enzymes, we focused our analysis on TTSPs known to be ex¬ 
pressed in the murine and/or human lung, which comprise 
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FIG 7 DESC1 and MSPL activate the FLUAV HA. (A) Lentiviral vectors bearing 
the HA and NA proteins of the HINI 1918 influenza virus (1918 HA/NA) or 
VSV-G were generated in 293T cells coexpressing the proteases indicated or trans¬ 
fected with empty plasmid pCAGGS. The culture supernatants were harvested, 
treated with PBS or trypsin, and used for transduction of 293T target cells. Lucif- 
erase activities in the cell lysates were determined at 72 h posttransduction. The 
results of a representative experiment performed with triplicate samples are shown 
and were confirmed in two independent experiments. Error bars indicate standard 
deviations. (B) The proteases indicated were transiently expressed in 293T cells, 
and the cells were infected with FLUAV A/PR/8/34 (H1N1) at an MOI of 0.01 
(top) or FLUAV A/Panama/2007/1999 (H3N2) at an MOI of 0.1 (bottom) and 
treated with either trypsin or PBS. At 48 h postinfection, viral spread was quanti¬ 
fied as the release of infectious particles into the culture supernatants, as measured 
by a focus formation assay. The results of representative experiments performed 
with triplicate samples are shown. Error bars indicate standard deviations. Similar 
results were obtained in two separate experiments, c.p.s., counts per second; flu, 
focus-forming units. 
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FIG 8 DESC1 and MSPL transcripts are expressed in the human lung. The 
presence of TMPRSS2, DESC1, and MSPL transcripts in two RNA pools each 
prepared from normal lung tissue of four human donors was assessed by 
quantitative PCR. Average A C T values from triplicate measurements and the 
standard errors of the means are shown. The relative difference in the abun¬ 
dance of protease transcripts was estimated and is depicted as fold difference 
(an estimated 1.78-fold increase in amplified material per PCR cycle formed 
the basis for this calculation). Similar results were obtained in a separate ex¬ 
periment. 


DESC1, MSPL, TMPRSS11F, prostasin, TMPRSS11B, TMPRSS9, 
and TMPRSS10 (31). 

All of tlie TTSPs studied were expressed in transfected 293T 
cells, although substantial differences in expression efficiency 
were noted. Therefore, the possibility cannot be excluded that 
proteases found to be inactive in our study are able to activate viral 
glycoproteins when expressed at higher levels. TTSPs are synthe¬ 
sized as zymogens, and several can transit into an active form 
upon autocatalytic activation (31,55). Activation ofTTSPs results 
in the production of an N-terminal cleavage fragment (linked to 
the C-terminal fragment via a disulfide bond), which was amena¬ 
ble to detection in our analysis because of the presence of an N- 
terminal myc antigenic tag. This fragment was detected upon the 
expression of most of the proteases studied, indicating that the 
failure of certain proteases to activate viral glycoproteins was not 
due to a failure of these enzymes to transit into their catalytically 
active forms. The only exceptions were TMPRSS9, for which no 
evidence of activation was observed. Whether the absence of N- 
terminal cleavage products of TMPRSS9 in protease-expressing 
cells was due to instability of the respective fragments or to a 
genuine lack of protease activation remains to be determined. 

TMPRSS2 was previously shown to activate the SARS- and 
MERS-CoV S proteins for cathepsin B/L-independent host cell 
entry (22-26), presumably by cleaving the S proteins at or close to 
the cell surface. Cleavage of the MERS- and SARS-CoV S proteins 
by HAT has also been reported (25, 35). While the functional 
consequences of MERS-CoV S cleavage by HAT were unknown, 
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SARS-CoV S cleavage by this protease was shown to activate the S 
protein for cell-cell fusion (35). The present study demonstrates 
that HAT can activate MERS-CoV S for entry into target cells in 
which cathepsin B/L activity has been blocked. In addition, our 
work shows that MSPL and DESC1 activate both the MERS- and 
SARS-CoV S proteins for cell-cell fusion and MERS-CoV S for 
virus-cell fusion. Why MSPL, DESC1, and HAT failed to promote 
SARS-CoV S-driven virus-cell fusion is unclear. One explanation 
could be that activation of virion-associated SARS-CoV S requires 
higher protease expression levels than activation of MERS-CoV S. 
Alternatively, cleavage of SARS-CoV S at sites recognized by 
TMPRSS2, HAT, DESC1, and MSPL might be sufficient to acti¬ 
vate the S protein for cell-cell fusion, while processing at one or 
more additional sites recognized only by TMPRSS2 might be re¬ 
quired for virus-cell fusion. Which of the proteases able to activate 
the SARS- and MERS-CoV S proteins in cell culture contributes to 
viral spread in the infected host is unclear. A previous report dem¬ 
onstrated the coexpression of ACE2, the SARS-CoV receptor, and 
TMPRSS2/HAT inhuman respiratory epithelia (18), arguing for a 
role for these proteases in SARS-CoV infection. Whether DESC1 
and MSPL are also present in viral target cells remains to be deter¬ 
mined. Finally, the analysis of knockout mice, which have been 
reported for several TTSPs, including TMPRSS2 (56) and HAT 
(57), might help to define the relative contributions of the above- 
discussed enzymes to viral spread. 

The ability of several TTSPs to cleave and activate the SARS- 
and MERS-CoV S proteins suggests a certain uniformity of the 
activation process. However, the analysis of the cleavage frag¬ 
ments indicates that this might not be the case. Thus, each pro¬ 
tease produced different cleavage fragments, although the S pro¬ 
tein fragments obtained upon MERS-CoV S and SARS-CoV S 
proteolysis by trypsin, HAT, and DESC1 exhibited a certain sim¬ 
ilarity. This is in keeping with the published observation that both 
trypsin and HAT cleave SARS-CoV S at R667 (35). Whether 
DESC1 requires the presence of the same residue for S protein 
cleavage remains to be determined, and also the sequences cleaved 
by TMPRSS2 and MSPL are unknown. In this context, it should be 
emphasized that although different S protein-activating proteases 
produced different cleavage fragments, the robust, multiple cleav¬ 
age of MERS-CoV S by TMPRSS10 did not result in S protein 
activation, underlining the existing but limited plasticity of the 
cleavage-activation process. Furthermore, it should be noted that 
S protein cleavage was analyzed in a cis format (i.e., protease and S 
protein were expressed in the same cell [Fig. 2]), which allows 
efficient detection of cleavage fragments, while S protein activa¬ 
tion was determined in a trans format (protease and S protein 
were expressed in different cells [Fig. 3 and 4] ). Our previous work 
demonstrated that cis and trans cleavage of SARS-CoV S by 
TMPRSS2 produces comparable, if not identical, S protein frag¬ 
ments (22), indicating that the cleavage products observed in the 
present study should mirror those produced upon S protein acti¬ 
vation. Finally, it has been suggested that binding of SARS-CoV S 
to its receptor might induce subtle conformational changes in the 
S protein that increase its protease sensitivity (27, 58) and MERS- 
CoV S binding to CD26 might have a similar effect. In the present 
study, S protein cleavage was assessed with cells expressing low, 
endogenous levels of receptor and we can thus not exclude the 
possibility that slightly different S protein processing products 
would be generated in a cell system expressing high levels of re¬ 
ceptor. 


TMPRSS2 and HAT were initially identified as FLUAV-acti- 
vating proteases (15) and were subsequently shown to activate 
CoVs (22-24, 29, 35). Our results show that the novel S-protein- 
activating enzymes DESC1 and MSPL also activate FLUAV, fur¬ 
ther strengthening the concept that different respiratory viruses 
might have adapted to use the same host cell enzymes to accom¬ 
plish activation. Furthermore, the observation that MSPL and 
DESC1, like TMPRSS2 and HAT ( 15 ), can activate HA proteins of 
all of the FLUAV subtypes responsible for pandemics indicates a 
potential role in viral spread in vivo. Are MSPL and DESC1 the 
elusive proteases that allowed an H3N2 virus to spread in a 
TMPRSS2 knockout mouse? The observation that MSPL and 
DESC1 can activate H1N1 and H3N2 viruses seems to argue 
against this possibility. However, it is conceivable that only certain 
H3N2 viruses, but not H1N1 viruses, can target DESC1- and 
MSPL-positive cells in the lung. Another potential candidate for 
activation of H3N2 viruses is matriptase, a TTSP recently reported 
to activate FLUAV (59-61). However, cell culture studies demon¬ 
strated that this protease activates certain HAs of the HI subtype 
while activation of HAs of the H2 and H3 subtypes was not ob¬ 
served (60, 61). Finally, it cannot be disregarded that although 
several TTSPs cleave HA, the cleavage rates might be different and 
might determine whether a protease can support viral spread in 
the host. 

Here, we demonstrate that DESC1 and MSPL, the latter of 
which is known to activate certain FLUAVs with a multibasic 
cleavage site (62), activate the S proteins of emerging CoVs and 
human FLUAV. Whether DESC1 and MSPL contribute to viral 
spread in the infected host remains to be determined, and knock¬ 
out mice, as well as specific protease inhibitors, might be useful 
tools for these endeavors. In this regard, it should be mentioned 
that camostat, an inhibitor of TMPRSS2, also blocks DESC1 and 
MSPL (data not shown) and can thus not be used for differential 
protease inhibition. Therefore, the generation of more specific 
inhibitors, as recently reported for TMPRSS2 (63), will be an im¬ 
portant task. Finally, it is worth noting that FLUAV-activating 
TTSPs colocalized with HA, while an inactive TTSP did not, de¬ 
spite robust expression in the cellular system analyzed. It is there¬ 
fore conceivable that the cellular localization of a TTSP, apart 
from its substrate specificity, might determine whether the pro¬ 
tease can activate HA and other viral glycoproteins, a possibility 
that deserves further investigation. 
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